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Abstract—Catalysts containing cerium oxide as a support and platinum and palladium as active components
for the low-temperature oxidation of carbon monoxide were studied. The catalysts were synthesized in accor-
dance with original procedures with the use of palladium and platinum complex salts. Regardless of prepara-
tion procedure, the samples prepared with the use of only platinum precursors did not exhibit activity at a low
temperature because only metal and oxide (PtO, PtO,) nanoparticles were formed on the surface of CeO,.
Unlike platinum, palladium can be dispersed on the surface of CeO, to a maximum extent up to an almost an
ionic (atomic) state, and it forms mixed surface phases with cerium oxide. In a mixed palladium—platinum
catalyst, the ability of platinum to undergo dispersion under the action of palladium also increased; as a result,
a combined surface phase with the formula Pd,Pt,CeO, _ 5, which exhibits catalytic activity at low tempera-

tures, was formed.
DOI: 10.1134/S0023158411020182

INTRODUCTION

The removal of harmful gases, primarily, carbon
monoxide and hydrocarbons, from the atmosphere is
a problem of considerable current importance. The
catalytic neutralization of harmful substances by com-
plete oxidation can be an efficient way for solving this
environmental problem. Catalytic oxidation at low
temperatures is most difficult to perform. The low-
temperature oxidation of CO and hydrocarbons is
required in the neutralization of exhaust emissions in
the cold start process, the purification of indoor atmo-
spheres, the operation of lasers based on CO,, and
other processes occurring at low temperatures [1].
Heterogeneous metal—oxide systems, in which the
metal and the oxide exhibit a synergistic effect, belong
to the most promising low-temperature catalysts for
CO oxidation. The constituents of these systems are
platinum group metals or IB Group metals (Cu, Ag,
and Au) in a highly dispersed state supported on tran-
sition element oxides [2].

It is well known that highly dispersed palladium or
platinum supported on cerium oxide and/or cerium-
containing compositions exhibit considerable cata-
lytic activity and stability [3, 4]. The results of recent
studies on these catalysts [5—7] made it possible to
conclude that the synergistic effect of a metal—oxide
system is due to the chemical interaction of metal and
oxide particles and the formation of new phases on the
surface. These new surface phases contain active cen-

ters at which low-temperature catalytic oxidation
takes place. The Pd/CeO, catalysts are superior to
Pt/CeO, in terms of activity in CO oxidation. This is
likely due to different degrees of chemical interactions
between the above metals or metal oxides and the sur-
face of cerium oxide. The efficiency of this interaction
mainly depends on the degree of dispersion of an
active component and the temperature of catalyst cal-
cination. As a rule, an increase in the treatment tem-
perature of catalysts based on noble metals is accom-
panied by a decrease in the catalyst activity. It is
believed that a possible reason for this phenomenon
consists in changes in the size of metal particles and
the particle-size distribution [8]. Thus, in Pd/Al,O,
samples calcined at 350°C, the average Pd particle size
was 2.4 = 0.4 nm and the particle-size distribution had
a unimodal character. As the treatment temperature
was increased, the distribution became bimodal and
the average particle size increased. Bimetallic catalysts
whose active component consists of two metals are
considered more stable. In particular, Yang et al. [9]
studied Pd,_,Au, Pd,_,Cu, Au,_,Cu, and
Au, _,Ag, compositions prepared by the laser evapora-
tion of precursors under controlled conditions followed
by the condensation of particles and demonstrated that
nanosized bimetallic compositions are promising for
use in CO oxidation. The temperature (75,) at which a
50% conversion of CO was reached increased in the
order Cus,Pds, (~120°C) < Cu,Pdgg (~135°C) <
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CugyAu,g (~145°C) < PdgAu,, (~190°C). The activity
of bimetallic compositions, including Pd—Pt catalysts
with different ratios between the noble metals, can
increase upon supporting the metals onto an appropri-
ate carrier.

The activity of supported metals depends on a
number of factors including the average particle size,
the nature of metal—support interactions, the nature
of used precursors, and the preparation procedure.
Various oxides or mixed oxide compositions are used
as supports. Among them, oxides that possess redox
properties, for example, CeO,, are the most interest-
ing species. As found previously [10—17], Pd and Pt
can interact with CeO, to forma Ce,_ M, 0,_5(M =
Pd and Pt) solid solution, which changes the catalytic
activity, as compared with that of monometallic cata-
Lysts.

The most widespread initial noble metal com-
pounds whose solutions are used for impregnating a
support are H,PtCly [18, 19], Pd(NO;), [20], and
Pd(CH;COO), [21]. However, the use of a chlorine-
containing precursor of platinum seems unreasonable
because chloride ions poison the surface of cerium
oxide. The formation of cerium oxo chloride
(Ce**OCl) prevents the stabilization of supported
metals in an active state; because of this, the activity of
such catalysts is low [22]. Methods for the formation
of nanosized noble metal particles by the decomposi-
tion of Pd-containing precursors of another type,
namely, Pd(Mes),, where Mes is mesitylene (1,3,5-tri-
methylbenzene), in a trioctylphosphine solution or
Pd(CH;COO), in an octylamine solution were devel-
oped [8]. The process is performed at 300°C followed
by the steps of centrifugation and washing with metha-
nol. The preparation of supported catalysts with the use
of coordination compounds as precursors makes it pos-
sible to eliminate many disadvantages characteristic of
traditional procedures. This area has been intensively
developed in our laboratory in recent years [23—25].

In this work, we used isostructural complex salts of
Pt(II) and Pd(II)—the tetraammine complex nitrates
[M(NH;),](NO;),, where M = Pd or Pt—as precur-
sor compounds for supporting metals onto CeO,.
These compounds are readily soluble in water to facil-
itate the impregnation of a support. Note that a solid
solution rather than a mixture of individual complexes
is formed on the support surface upon the simulta-
neous crystallization of Pd and Pt compounds. Thus,
platinum and palladium become mixed at an atomic
level even at the step of supporting a precursor com-
pound. Upon the thermal decomposition of these
solid solutions, bimetallic alloy particles in a high
degree of dispersion remain on the surface.

Along with thermal decomposition, we addition-
ally tested a procedure of the reduction of supported
complex solid solutions by hydrazine hydrate (N,H, -
H,0) at room temperature. Because hydrazine has a
high reduction potential, this reagent is widely used in
various methods for the reduction of metals [26].
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Examples of the preparation of nanoparticles in binary
and monometallic catalytic systems based on noble
and other transition metals are well known [27—31].
The described procedure makes it possible to form a
metal phase from a supported precursor at a low tem-
perature. The intensity of the surface diffusion of
nanoparticles formed under these conditions notice-
ably decreases to facilitate the retention of the metal
phase in a highly dispersed state.

In this work, we purposefully studied the effect of
the activation procedure of precursor compounds on
the structural and electronic states of Pd and Pt and on
the activity of Pd(Pt)/CeO, catalysts in the reaction of
CO oxidation and compared the mono- and bimetal-
lic catalysts. For this purpose, we used a set of physic-
ochemical and kinetic techniques (see below).

EXPERIMENTAL
Catalyst Preparation Methods

Cerium dioxide prepared by precipitation from a
solution of cerium nitrate with an aqueous ammonia
solution at certain pH and temperature followed by fil-
tration and washing the precipitate with distilled water
until the absence of nitrates was used as a support. The
resulting sample was dried initially in air and then in a
drying oven at 110°C for 12—14 h; thereafter, it was
calcined in a flow of dried air at 450°C for 4 h. The
specific surface area of the support was 113 m?/g.

Two procedures were used for supporting an active
component.

Procedure I. The support was incipient wetness
impregnated with a solution of a complex salt with a
given concentration followed by drying in air for 24 h.
To prepare monometallic catalysts, aqueous solutions
ofa [Pd(NH;)4](NO;), or [Pt(NH;)4](NO;), complex
salt were used. The Pd—Pt binary active component
with the molar ratio Pd : Pt =2 : 1 in the resulting solid
solution was supported by impregnating the support
with an aqueous solution containing both of the com-
plex salts, [Pd(NH3),](NOs), and [Pt(NH3),](NO3),,
in aratio of 1: 2.

The starting complex salts were prepared by the
reactions

Pd 1N ©n9)_ [pd(H,0),(NO5),]

NHj (conc)
—_—

[PA(NH3),](NO;),,

[Pt(NH;),]Cl, -22N%,_ [Pt(NH;),](NO3),.

Procedure II. The support was impregnated with a
complex salt solution as described in procedure I;
however, after the step of drying, the sample was
reduced with hydrazine hydrate (N,H,- H,O) at room
temperature; thereafter, the samples were washed with
water on boiling and dried in air at 130—150°C.
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Table 1. Consumption of hydrogen in the course of the temperature-programmed reduction of Pd, Pt, and PdPt, catalysts sup-

ported on CeO, with hydrogen

Catal Supported metal content Consumption of H,, umol/g H,/(Pd+Pt)
atalyst
wt % pmol/g total at the 53°C peak total at the 53°C peak

Pd/CeO,-1 0.98 92.1 609.3 — 6.6 —
Pd/CeO,-11 0.97 91.2 540.7 99.2 5.9 1.1
Pt/CeO,-1 2.03 104.1 899.1 — 8.6 —
Pt/CeO,-11 2.95 151.2 443.0 — 2.9 -
PdPt,/CeO,-1 1.1 +2.54 103.4 + 130.2 781.7 — 3.3 —
PdPt,/CeO,-11 0.98 + 2.13 92.1+109.2 401.8 — 2.0 —

The resulting samples were thermally treated in a
flow of oxygen on heating at a rate of 10 K/min to
450°C and kept at this temperature for 0.5 h.

The catalysts prepared in accordance with the
above procedures are referred to as M/CeO,-X, where
M = Pd, Pt, or Pd—Pt and X denotes the procedure of
supporting an active component (I or IT). Table 1 sum-
marizes the concentrations of Pd (Pt) in the samples.

Investigation Techniques

Atomic absorption spectrometry (AAS) was used to
determine main component concentrations in the
samples [32].

The samples were studied by high-resolution trans-
mission electron microscopy (HRTEM) on a JEM-
2010 microscope (JEOL, Japan).

The electronic diffuse reflectance spectra of oxide
powders in the UV and visible regions were measured
in the spectral range of 11000—54000 cm~" in air with
no pretreatment using a UV-2501 PC spectrometer
from Shimadzu with an IRS-250A diffuse reflectance
attachment [33].

The X-ray photoelectron spectra (XPS) of the sam-
ples, which were ground in an agate mortar and
mechanically pressed into an iridium surface of a
holder, were obtained on a KRATOS ES 300 XPS
spectrometer from Kratos Analytical (United King-
dom). The K, line of aluminum (or magnesium) with
a photon energy of 1486.6 eV (1253.6 e¢V) was used as
primary radiation. The instrument was calibrated
based on the position of the Au 4fline (84.0 eV). The
U" line in the Ce 3d spectrum was used as a calibration
standard, the binding energy of which was taken equal
t0916.7 eV.

The specific surface areas of the samples were mea-
sured using the thermal desorption of argon [34]; the
error of this method was +10%.

X-ray diffraction (XRD) analysis was performed on
a DRON-SEIFERT-RM4 diffractometer with CuK,
radiation. The crystallite size was determined by mea-
suring the physical broadening of individual diffrac-
tion profiles using the Scherrer formula. The concen-

trations of metal components in the samples were
determined from the 111 peak area of the fcc phase
(26 = 39.80°—40.15°) with normalization to the 002
peak area of the support (CeO,). In the course of the
quantitative phase analysis, we considered the ratio
between the corundum numbers of platinum and pal-
ladium (1, (Pt)/I.,,. (Pd)) to be 1.49.

The catalytic properties of the synthesized samples
were tested using a temperature-programmed reaction
(TPR) in an automated system with a flow reactor and
mass-spectrometric analysis of a gas mixture. A 0.38 g
sample with a particle size of 0.25—0.5 mm and a vol-
ume of 0.25 cm? was placed in a stainless steel reactor.
A reaction mixture containing 0.2 vol % CO, 1.0 vol %
0,, and 0.5 vol % Ne (the balance was helium) was
supplied at a rate of 1000 cm?3/min to the initial cata-
lyst cooled to —15°C. The space velocity was
240000 h~!. In the reaction mixture, the catalyst was
heated from —15 to 450°C at a rate of 10 K/min and
then cooled in a flow of helium. In the course of the
reaction, the concentrations of CO, O,, and CO, were
determined. The concentrations were measured at a
frequency of 0.34 Hz.

The temperature-programmed reduction with
hydrogen (TPR-H,) was performed in an automated
system with a flow reactor and mass-spectrometric
analysis of a gas mixture. The initial sample was
treated in a flow of a gas mixture containing 20 vol %
O, in He to remove water and carbonates from the sur-
face. A reaction mixture containing 0.1 vol % H, and
0.5 vol % Ne (the balance was helium) was supplied at
a rate of 1000 cm?®/min to the initial catalyst (0.2 g)
cooled to —15°C. In the reaction mixture, the catalyst
was heated from —15 to 450°C at a rate of 10 K/min;
thereafter, it was cooled in a flow of helium.

RESULTS
HRTEM Data

We failed to detect palladium particles in the elec-
tron micrographs of sample Pd/CeO,-1 (Fig. 1a).
Nevertheless, the EDX spectra measured in the same
support regions suggest the occurrence of a small
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Fig. 1. (a) HRTEM image of a CeO, particle in sample Pd/CeO,-I; (b) EDX spectrum, which suggests the presence of palladium
in CeO, particles shown in Fig. 1a; (c) micrograph of PtO, particle aggregates in catalyst Pt/CeO,-I; (d) EDX spectrum of the
region marked in Fig. 1c; (¢) HRTEM image of the support in catalyst PdPt,/CeO,-I; and (f) EDX spectrum of support particles

shown in Fig. le.

amount of Pd (Fig. 1b). The atomic concentrations of
palladium calculated from the EDX spectra measured
in various support regions were always close to the
value specified in the catalyst preparation; this fact
suggests a uniform distribution of Pd on cerium diox-
ide. The micrograph of catalyst Pt/CeO,-I exhibited
platinum oxide (PtO,) particle aggregates of size 100—
200 nm (Fig. 1c); in this case, the size of particles that
formed these aggregates was 10—30 nm. Note that the
aggregates of PtO, particles were detected in some

KINETICS AND CATALYSIS Vol. 52
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support regions, and they were absent from other
regions; this suggests a nonuniform distribution of an
active component over the support surface. We failed
to detect palladium and platinum particles in the elec-
tron micrograph of PdPt,/CeO,-1 (Fig. le). In this
case, the calculation based on Ce L, Pd L, and Pt L
lines of the EDX spectrum (Fig. 1f) demonstrated that
the atomic ratio between Pd and Pt was close to the
specified value. Consequently, both palladium and
platinum were uniformly distributed on the support in
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Fig. 2. (a) HRTEM image of a Pt metal particle in sample Pt/CeO,-II; (b) EDX spectrum of the particle shown in Fig. 2a;
(c) HRTEM image of a bimetallic particle in catalyst PdPt,/CeO,-1I; and (d) EDX spectra of two different particles of sample
PdPt,/CeO,-11, which suggest the inhomogeneous composition of alloy particles (the spectra of these particles differed in color

intensity).

sample PdPt,/CeO,-1. Figures 2a and 2b show the
HRTEM images of catalyst Pt/CeO,-1I and the EDX
spectrum of the marked region, respectively. It can be
seen that platinum in this catalyst occurred as coarse
metal particles of sizes from 50 to 200 nm. Coarse
metal particles of size 100—300 nm were observed in
PdPt,/CeO,-11. One of these particles is shown in an
HRTEM image (Fig. 2c). Figure 2d shows the EDX
spectra of two different particles of size about 200 nm
normalized to the Pt M line. It can be seen that the
Pd/Pt ratios in these particles were different; this fact
suggests an inhomogeneous composition of alloy par-
ticles.

Thus, an analysis of the results of electron-micro-
scopic studies demonstrated that ultrafine palladium
particles and coarse aggregates of platinum oxide par-
ticles were formed in monometallic catalysts upon
supporting the noble metals from complex salts. The
combined supporting of palladium and platinum in a
certain ratio increased the degree of dispersion of plat-
inum in bimetallic catalysts. Upon reduction with
hydrazine, coarse Pd and Pt particles were present on
the support surface in monometallic catalysts, whereas
Pd—Pt alloy particles with various Pd/Pt ratios
occurred in bimetallic catalysts.

Electronic Diffuse Reflectance Spectroscopic Data

The electronic diffuse reflectance spectrum of a
CeO, sample (Fig. 3a, curve /) exhibited two intense
absorption bands at 36000 and 29000 cm~', which
were attributed to Ce** <— O?~ charge transfer (CT)
bands and a interband transition in CeO,, respectively
[35]. An additional absorption band at 22000 c¢cm™!
appeared in the spectrum of catalyst Pd/CeO,-1
(Fig. 3a, curve 2); this band can be attributed to the
d—d transition of Pd** ions in an oxygen environment
in D, symmetry, which is characteristic of small PAO
clusters [36]. Considerable changes were observed in
the spectrum of catalyst Pd/CeO,-11, which was pre-
pared with the use of hydrazine (Fig. 3a, curve 3).
Stronger background absorption in the long-wave-
length region was characteristic of reduced cerium
oxides, and the appearance of a new broad absorption
band in the range of 14500—16000 cm~' can be
ascribed to a CT band due to the Ce** < Ce3* inter-
valent transition [37]. Thus, we can conclude that the
treatment of a sample with hydrazine facilitated the
reduction of cerium oxide.

In addition to the absorption bands of cerium
oxide, the electronic diffuse reflectance spectrum of
Pt/CeO,-1 (Fig. 3b, curve 2) exhibited intense absorp-
tion bands at 16500 and 21000 cm~!, and the spec-

KINETICS AND CATALYSIS VWl. 52 No.2 2011



LOW-TEMPERATURE OXIDATION OF CARBON MONOXIDE ON Pd(Pt)/CeO,

trum of Pt/CeO,-1I exhibited an absorption band at
21000 cm™! (Fig. 3b, curve 3). According to Lietz et al.
[38], the most intense absorption band corresponding
to the d—d transitions of Pt(IV) in the bulk oxide PtO, -
H,O was observed at 23500 cm™~!, and it was shifted to
shorter wavelength in the spectrum of the supported
oxide PtO,. The appearance of intense absorption
bands in the low-frequency region, which were
ascribed to spin forbidden d—d transitions, is charac-
teristic of Pt(IT) compounds, for example, square-pla-
nar halide complexes [39]. Thus, based on the results
of analysis performed by electronic diffuse reflectance
spectroscopy, we can hypothesize that Pt(II) oxide was
predominant in samples Pt/CeO,-1I and Pt/CeO,-1.

The spectrum of PdPt,/CeO,-I (Fig. 3c, curve I)
was close to the spectrum of Pt/CeO,-I in terms of
absorption band positions. It contained broad absorp-
tion bands with maximums at 16500, 21000, and
25000 cm™! in addition to the absorption bands of
cerium dioxide. The electronic diffuse reflectance
spectroscopic data suggest that Pt(Il) oxide was pre-
dominant in the bimetallic sample. Based on the
results of analysis performed using this technique, it is
difficult to identify the oxidized states of palladium
because the spectra of platinum oxide compounds
superimposed on the spectra of palladium oxide com-
pounds. In the spectrum of PdPt,/CeO,-11 (Fig. 3c,
curve 2), an increase in the background absorption in
the long-wavelength region and the appearance of an
absorption band in the region of 14500—16000 cm™!,
which is indicative of the appearance of Ce3* ions,
were observed. Thus, the treatment of both
PdPt,/CeO,-11 and Pd/CeO,-II with hydrazine facil-
itated the reduction of the support.

XPS Data

Figure 4 shows the Pd 3d and Pt 4f XPS spectra of
all of the catalysts. It can be seen that, in Pd/CeO,-1
(Fig. 4a), palladium is mainly in the Pd** state with
BE(Pd 3ds,,) = 338.2 eV. This peak cannot be attrib-
uted to PdO nanoparticles because BE(Pd 3d5),) in the
structure of PdO is 337.0 £ 0.2 eV [40—42]. According
to published data [10, 12—14, 43, 44], this peak char-
acterizes the ionic state of palladium as a constituent
of a phase obtained by the interaction of palladium
with the surface of CeQO,; the composition of this
phase can be formally described as Pd Ce,_,O,_s.
Inthe Pd 3d spectrum, a peak at BE(Pd 3d;,) ~
336.7eV can also be recognized. This peak was
observed previously [43, 44], and it belongs to
extremely small palladium clusters consisting of a few
atoms, mainly as O—Pd,—O dimers [45]. This high
value of BE was due to the participation of oxygen ions
from the support surface, which affected the palla-
dium clusters to convert them into an ionized state
(the Pd™ state in the case of dimers).
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Fig. 3. Electronic diffuse reflectance spectra of (a) (/)
Ce0,, (2) Pd/Ce0,-1, and (3) Pd/CeO,-11; (b) (1) CeO,,
(2) Pt/CeO,-1, and (3) Pt/CeO,-1I; and (c) (1)
PdPt,/CeO,-I and (2) PdPt,/CeO,-11.

The treatment of a sample with hydrazine was
accompanied by a dramatic growth of palladium metal
particles in catalyst Pd/CeO,-1I, which were not
detected by XPS (Fig. 4b). It is well known [46] that
the signal intensity of the core line in the XPS spec-
trum of an active component on a support is deter-

mined from the formula 7 ~ (C,.)/d,S;,, where ['is the
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Fig. 4. The (top) Pd 3d and (bottom) Pt 4/XPS spectra of catalysts (a) Pd/CeO,-1 and Pt/CeO,-I; (b) Pd/CeO,-1I and Pt/CeO,-

I1; and (c) PdPt,/CeO,-1 and PdPt,/CeO,-I1.

signal intensity of the core line that characterizes the
active component, C,. is the concentration of the
active component, d,. is the particle diameter of the
active component, and S, is the specific surface area
of the support.

The observed decrease in the Pd 3d signal intensity
in the spectrum of sample Pd/CeO,-11 can be
explained only by a decrease in the degree of disper-
sion of palladium because all of the other parameters
remained unchanged. The decrease in degree of dis-
persion suggests the agglomeration of palladium with
the formation of coarse metal particles, as demon-
strated below by HRTEM.

An analysis of the Pt 4f spectra of Pt/CeO,-1 indi-
cated (Fig. 4a) that platinum occurred in a state with

Table 2. Ratios between metal atoms and cerium atoms in Pd,
Pt, and PdPt, catalysts supported on CeO, (according to XPS
data)

Catalyst Pd/Ce, at % Pt/Ce, at %
Pd/CeO,-1 1.23 -
Pd/CeO,-11 0 -
Pt/CeO,-1 - 1.60
Pt/CeO,-11 — 2.27
PdPt,/CeO,-1 1.45 1.60
PdPt,/CeO,-11 0 0.91

BE(Pt 4f;,,) = 73.2 eV, which is characteristic of the
platinum oxide PtO [40].

Catalyst Pt/CeO,-1I, which was reduced with
hydrazine, exhibited an unusual behavior. Both diva-
lent platinum with BE(Pt 4f;,) = 72.7 eV and plati-
num metal with BE(Pt 4f; ,) = 70.9 €V occurred on its
surface. In addition, an insignificant amount of tet-
ravalent platinum with BE(Pt 4f;,) = 74.2 eV was
present; this is consistent with electronic diffuse
reflectance spectroscopic data. The Pt/Ce ratios in
samples Pt/CeO,-1 and Pt/CeO,-1I were calculated
from the results of XPS analysis (Table 2). This ratio in
sample Pt/CeO,-1 was 1.6% at a Pt content of 2.03 wt
%, whereas it was 2.27% in sample Pt/CeO,-11 at a Pt
content of 2.95 wt % or 2.32% as converted to a plati-
num content of 2.03 wt %. These data suggest the same
degree of dispersion of platinum in catalysts Pt/CeO,-
IT and Pt/CeO,-1.

In PdPt,/CeO,-1 (Fig. 4c), BE(Pd 3ds,) =
338.0 eV, and this suggests the strong interaction of
supported palladium with the support and the forma-
tion of an interaction phase Pd,Ce, _,O,_;5. This con-
clusion is consistent with HRTEM data because no
extended palladium structures were detected on the
surface of the above catalyst. Nevertheless, an insignif-
icant portion of palladium occurred as two-dimen-
sional cluster structures (BE(Pd 3d;,,) = 336.5 eV),
which cannot be detected by HRTEM. The state of
platinum as a constituent of catalyst PdPt,/CeO,-1
corresponds to bivalent Pt?*, and only an insignificant
portion of platinum was present as metal particles
(BE(Pt 4f;,) = 71.0 eV). It is believed that the major

KINETICS AND CATALYSIS VWl. 52 No.2 2011
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portion of platinum as a constituent of this catalyst
occurred as a solid solution rather than PtO particles;
this solid solution was present in the subsurface layers
of CeO, along with palladium cations. The Pt/Ce ratio
in catalyst PdPt,/CeO,-1 was somewhat lower (1.6%)
than that in Pt/CeO,-I (upon converting to platinum
content, the Pt/Ce ratio becomes 2.0%). Hence, it fol-
lows that the degree of dispersion of platinum some-
what decreased at high metal contents.

The reduction of bimetallic catalyst PdPt,/CeO,-
II with hydrazine (Fig. 4d) resulted in the formation of
coarse Pd metal particles similarly to that upon the
reduction of catalyst Pd/CeQO,-II. In both cases, the
particles were large so that the signal from the Pd 3d
line was not observed. Platinum is less prone to reduc-
tion than palladium, and it remained in an oxidized
state as PtO with BE(Pt 4f; ) = 72.6 eV after the action
of the reducing agent (N,H,). In this case, PtO parti-
cles are sufficiently large, as evidenced by a low signal
intensity of the Pt 4f1line, a decrease in the Pt/Ce ratio,
and HRTEM data, which are given in Fig. 2c.

XRD Data

According to XRD analysis data, the average crys-
tallite size of the support phase was ~10 nm. The crys-
tal lattice parameters of CeQO, in the catalyst samples
were the same as the parameters of a polycrystalline
reference sample (JCPDS, file no. 34-394) within the
limits of experimental error (£0.002 A); this suggests a
low concentration of reduced cerium (Ce3*).

According to XRD data, Pd/CeO,-1 did not con-
tain a metal phase, and about 80% platinum in
Pt/CeO,-1 occurred as metal particles with an average
crystallite size of 30 nm (Fig. 5a). Only an insignificant
amount of a metal phase (5% on a total platinum and
palladium basis) was detected in PdPt,/CeQO,-I1. Thus,
we can conclude that the total palladium and the
major portion of platinum occurred in an oxidized
state. The crystallite size in metal particles was 25 nm.
According to Darby and Myles [47], who studied the
dependence of the crystal lattice parameters of solid
solutions on the composition of these solid solutions
in the palladium—platinum system, the composition
of the detected metal phase is Pd, (Pt -

In the samples of series II, the major portion of an
introduced metal occurred in an unoxidized state
(Fig. 5b). In Pd/CeO,-11, 60% palladium occurred as
the constituent of a metal phase. The crystallite size
was 16 nm. Platinum in sample Pt/CeQ,-11 almost
completely occurred in metal particles with a crystal-
lite size of 22 nm. The lattice parameter of a metal
phase in PdPt,/CeO,-11is 3.908 A, which corresponds
to solid solution Pd, ;5Pt, 45 [47]. This phase contained
about 50% platinum and palladium. The crystallite
size was 18 nm.

Attempts to detect and identify the reflections of
platinum and palladium oxide phases did not give pos-
itive results. This fact can be explained by the superpo-
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sition of the most intense reflections of oxide phases
and the reflections of the support phase and by the
weak intensity of these reflections because of low con-
centrations of active components. Another possible
explanation can consist in the binding of oxidized
platinum and palladium in Pd(Pt),Ce, _,O, _ 5 phases.

TPR-H, Data

The temperature-programmed reduction of the
initial samples with hydrogen was performed at a low
concentration of H, (0.1 vol %) and a high flow rate of
a reaction mixture because the sensitivity of this
method is inversely proportional to the concentration
of hydrogen in the mixture [48].

According to the experimental results (Fig. 6a), one
peak with a maximum at a temperature of about 145°C
was observed on the reduction of Pd/CeO,-1. The
amount of consumed hydrogen was 609 umol/(g cata-
lyst) (Table 1). In this case, the ratio of the amount of
consumed hydrogen to the amount of palladium
(H,/Pd) was 6.6 in the reduction of Pd/CeO,-1. The
TPR-H, curve of Pt/CeO,-1 exhibited two peaks
(Fig. 6a) with maximums at 150 and 250°C. The amount
of consumed hydrogen was 899 umol/(g catalyst),
and the H,/Pt ratio was 8.6. As can be seen, the
amount of consumed hydrogen was much greater than
the stoichiometric amount required for the reduction
of PdO, PtO,, and PtO (H,/PdO (or PtO) = 1;
H,/PtO, = 2). The superstoichiometric consumption
of hydrogen suggests the participation of oxygen from
cerium dioxide in the reduction [49]. Thus, the peak in
the TPR spectrum of catalyst Pd/CeQO,-I corresponds
to the reduction of cerium oxide, and the presence of
two peaks in the spectrum of Pt/CeO,-1 can be
explained by the reduction of PtO, (T,,,,= 150°C) and
cerium oxide (7, = 250°C).

Another character of reduction was observed in the
study of PdPt,/CeO,-1 (Fig. 6a). The TPR-H, spec-
trum of this sample exhibited only a single peak with a
maximum at 125°C. Additionally, a low-temperature
shoulder was observed in the main peak and the con-
sumption of hydrogen came into play at a much lower
temperature of about 0°C. Thus, the simultaneous
presence of palladium and platinum shifted the reduc-
tion temperature of cerium oxide to the low-tempera-
ture region. The amount of consumed hydrogen was
782 umol/(g catalyst) at the ratio H,/PdPt, = 3.3.

The character of reduction of the samples reduced
with hydrazine was dramatically different (Fig. 6b).
The TPR-H, spectrum of Pd/CeO,-I1 exhibited a
narrow peak with a maximum at 53°C and a broad
peak with a maximum at 170°C. The occurrence of a
narrow peak suggests a phase transition of oxide struc-
tures to a reduced state under the action of hydrogen.
The amount of hydrogen consumed at this peak was
99.2 umol/(g catalyst), which corresponds to H,/Pd =
1.1 (Table 1). This suggests that the palladium oxide
PdO was reduced in this temperature region. The total
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Fig. 5. XRD patterns of catalysts (a) Pd/CeO,-1, Pt/CeO,-1, and PdPt,/CeO,-1 and (b) Pd/CeO,-1I, Pt/CeO,-11, and

PdPt,/CeO,-11.

amount of absorbed hydrogen was as high as
540.7 umol/(g catalyst), which corresponds to
H,/Pd =5.9. Hence, we can conclude that the oxygen
of cerium oxide also participated in the interaction
with hydrogen. According to XRD data, only about
60% Pd in the sample occurred as metal particles.
Hence, it follows that about 40% palladium was in the
oxide state (PdO) and interacted with the support.
Because of this, the reduction occurred over a broad
temperature range, and a maximum was observed at a
sufficiently high temperature of 170°C. In this case,
not only oxidized palladium but also the surface of
CeO, participated in the reduction.

The TPR-H, curve of Pt/CeO,-1I exhibited two
peaks with maximums at 32 and 90°C. The total
hydrogen consumption was 443.0 umol/(g catalyst),
which corresponds to the ratio H,/Pt = 2.9. This ratio

is higher than that required for the reduction of PtO,
and PtO. The occurrence of peaks at a low tempera-
ture suggests the reduction of oxidized platinum com-
pounds; this is consistent with XPS data, and an H,/Pt
ratio higher than the stoichiometrically required one
suggests the participation of cerium oxide in the pro-
cess.

The reduction curve of PdPt,/CeO,-11 exhibited
two peaks at 14 and 135°C. In this case, H,/PdPt, =
2.0. This suggests that Pt oxide particles, which were
reduced at 14°C similarly to the reduction that
occurred in catalyst Pt/CeO,-1I1, were present in the
catalyst along with metal alloy particles, which were
detected by physicochemical techniques. In addition,
an insignificant portion of palladium strongly inter-
acted with the support and activated oxygen from
Ce0,, as evidenced by the occurrence of high-temper-
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Fig. 6. The temperature dependence of hydrogen consumption by catalysts (a) Pd/CeO,-I, Pt/CeO,-1, and PdPt,/CeO,-I and
(b) Pd/CeO,-11, Pt/CeO,-11, and PdPt,/CeO,-1I in the course of TPR-H, and the temperature dependence of CO conversion
on catalysts (c) (/) Pd/CeO,-1, (2) Pt/CeO,-I, and (3) PdPt,/CeO,-1I and (d) (/) Pd/CeO,-II, (2) Pt/CeO,-II, and (3)

PdPt,/CeO,-11.

ature peaks in the TPR spectrum and an increased
value of H,/(Pd + Pt).

Catalytic Properties of the Catalysts in CO Oxidation

In Figs. 6¢ and 6d and Table 3, it can be seen that
the Pd-containing catalysts prepared by procedures I
and II exhibited different activities. The activity of
catalysts was evaluated from three temperatures at
which 10, 50, and 90% CO conversions were reached.
They are referred to as 7, T5y, and Ty, respectively;
the value of T5, was most frequently considered. For
catalysts Pd/CeO,-1 and Pd/CeO,-11, T5, = 42 and
148°C, respectively. Thus, the treatment with hydra-
zine dramatically decreased the efficiency of catalyst
Pd/CeO,. On the contrary, the reduction of Pt-con-
taining catalysts with hydrazine somewhat increased
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their efficiency in the reaction of CO oxidation, but
this increase was insignificant. Thus, for Pt/CeO,-1
and Pt/CeO,-11, T5, = 148 and 134°C, respectively.

Table 3. Catalytic activity of Pd, Pt, and PdPt, catalysts sup-
ported on CeO, in the reaction of CO oxidation

Catalyst Ty, °C Tsg, °C Ty, °C
Pd/CeO,-1 9 42 125
Pd/CeO,-11 110 148 185
Pt/CeO,-1 119 148 161
Pt/CeO,-11 68 134 161
PdPt,/CeO,-1 5 40 110
PdPt,/CeO,-11 68 134 161
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The catalytic properties of bimetallic catalysts
depend on preparation procedures. Thus, the low
value of Ty, = 40°C was characteristic of catalyst
PdPt,/CeO,-1. Intermediate reduction with hydrazine
dramatically decreased its efficiency, so that T,
increased to 134°C. Thus, reduction with hydrazine
impaired the performance characteristics of the Pd-
and PdPt,-containing catalysts, whereas the efficiency
of the Pt-containing sample increased in this case,
although it did not reach the efficiency of the low-
temperature catalyst.

DISCUSSION

According to electronic diffuse reflectance spec-
troscopic and XPS data, palladium in catalyst
Pd/CeO,-1 occurred as small clusters (O—Pd,—
O dimers) and isolated Pd** ions as the constituents of
the interaction phase Pd,Ce, _ O, _5. The presence of
only a single peak at 145°C and the ratio H,/Pd = 6.6
in the TPR-H, curve supports the occurrence of
chemical interaction between palladium and CeO,.
Thus, the presence of palladium as Pd?* ions as the
constituents of the interaction phase Pd,Ce,_, 0O, _;
and small clusters is responsible for the high activity of
this catalyst in the reaction of CO oxidation at low
temperatures.

The state of palladium in catalyst Pd/CeO,-1I1
treated with hydrazine was essentially different.
HRTEM, electronic diffuse reflectance spectro-
scopic, and XPS data suggest a decrease in the degree
of dispersion of Pd because of the formation of coarse
particles. This is consistent with the results of XRD
analysis, which suggest the presence of a metal phase
with an average crystallite size of 16 nm. However,
only 60% palladium occurred as a metal. It is likely
that a portion of palladium, which cannot be detected
by XRD analysis because of the superposition of the
most intense reflections of oxide phases and the sup-
port phase, occurred as PdO because the TPR-H,
curves exhibited a peak with a maximum at 53°C and
the ratio H,/Pd = 1.1. The appearance of a broad and
low-intensity peak with a maximum at 170°C in the
TPR-H, curves was due to the presence of an insignif-
icant fraction of palladium that strongly interacted
with the support. The experimental data allowed us to
conclude that the treatment of the catalyst with hydra-
zine resulted in the formation of coarse Pd’ and PdO
particles and an insignificant amount of Pd** as the
constituent of the interaction phase Pd,Ce,_,O,_s.
In this case, the activity of coarse palladium particles,
which did not interact with the support, was close to
the activity of catalyst Pd/Al,O; [50]. Thus, the reac-
tion occurs by the Langmuir—Hinshelwood mecha-
nism, and the initiation of reaction depends on the
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heat of CO adsorption on metal particles [51], which
is as high as 25—35 kcal/mol [52]; because of this, the
oxidation of CO cannot be performed at low tempera-
tures.

In catalyst Pt/CeO,-1, PtO, platinum oxide parti-
cle aggregates of size 100—200 nm were present; in this
case, the size of particles in the aggregates was 10—
30 nm. These data are consistent with the results
obtained by electronic diffuse reflectance spectros-
copy, which indicated the presence of Pt(IV) and
Pt(II) in an oxygen environment in the sample, and by
XPS, which exhibited the presence of a main line
characteristic of PtO and an additional line due to
PtO, in the spectrum of this sample. In this case, from
XRD data, it follows that about 80% platinum
occurred as metal particles with an average crystallite
size of 30 nm. This contradiction can be explained by
the fact that coarse particles cannot be detected by
electronic diffuse reflectance spectroscopy and XPS,
whereas, on the contrary, XRD analysis cannot detect
platinum in a highly dispersed state. The TPR-H,
method demonstrated the presence of highly dispersed
platinum species in the catalyst, as evidenced by the
high temperature of reduction and the superstoichio-
metric ratio of consumed hydrogen to Pt (8.6). Conse-
quently, we can conclude that a portion of platinum
interacted with cerium oxide to form dispersed cat-
ionic species. The presence of these platinum species
resulted in the appearance of a small peak in the curve
of CO conversion in the region of low temperatures
(Fig. 6¢, curve 2). In this case, in general, the temper-
ature dependence of the conversion of CO was similar
to that observed on catalyst Pt/Al,O; [50]. Its shape
depends on the heat of CO adsorption on coarse metal
particles.

The HRTEM data indicate that platinum in cata-
lyst Pt/CeO,-11I occurred as coarse metal particles of
sizes from 50 to 200 nm. According to the results of
XRD analysis, platinum almost entirely occurred as
metal particles with a crystallite size of 22 nm. In this
case, both platinum metal particles and the dispersed
particles of PtO and PtO, were detected by XPS. As
noted above, XRD analysis provides information on
the occurrence of a platinum metal phase, whereas
oxide and dispersed states cannot be detected by this
technique. The TPR-H, method additionally sup-
ported XPS data: the occurrence of reduction peaks at
a low temperature suggests the reduction of platinum
oxide compounds, whereas the somewhat increased
ratio H,/Pt = 2.9 suggests the participation of oxygen
from CeOQ, in the process. In this case, the activity of
catalyst Pt/CeO,-11, as well as Pt/CeO,-1, depended
on coarse particles.

The HRTEM technique did not allow us to detect
palladium and platinum particles in sample
PdPt,/CeO,-1. In this case, an analysis of EDX spec-
tra indicated that Pd and Pt were present in the sample
and their atomic ratio was close to a specified value.
Consequently, both palladium and platinum in sample
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PdPt,/CeO,-1 are uniformly dispersed on the support.
According to electronic diffuse reflectance spectro-
scopic data, supported platinum was a mixture of
Pt(IV) and Pt(II) in an oxygen environment. Only an
insignificant amount of a metal phase was detected in
this catalyst by XRD analysis. In general, Pd and Pt
mainly occurred in an oxidized state. This conclusion
was supported by XPS data, which suggest the pres-
ence of Pd?* as the constituent of the interaction phase
Pd,Ce, _,0,_sand in O—Pd,—O dimers. The state of
platinum corresponds to Pt?*, and only an insignifi-
cant portion of platinum occurred as metal clusters.
The TPR-H, spectra also supported this conclusion:
the occurrence of a single peak with a maximum at
125°C in them and the superstoichiometric ratio
H,/(Pd + Pt) = 3.3 suggests the presence of the ionic
forms of Pd and Pt, which interacted with the support,
and the participation of cerium dioxide in reduction.
Thus, all of the methods suggest the high degree of dis-
persion of active components on the support surface
and their ionic state. This provides the high activity of
catalyst PdPt,/CeQO,-1, as well as Pd/CeO,-1, in the
course of CO oxidation in the low-temperature
region.

According to HRTEM and XRD data, coarse Pd—
Pt alloy metal particles of size 100—300 nm with vari-
ous Pd/Pt ratios occurred in catalyst PdPt,/CeO,-I1.
XPS also suggests the formation of the coarse particles
of palladium metal and PtO. The presence of coarse
PtO particles was supported by the TPR-H, method
because the reduction spectrum exhibited a peak at
14°C. The appearance of a broad peak at a higher tem-
perature suggests that only an insignificant portion of
palladium interacted with the support to activate oxy-
gen in CeO,. In general, the activity of this catalyst
remained low because it depended on the presence of
coarse particles, which do not interact with the sup-
port.

The entire set of experimental data suggests that,
first, the active catalysts based on CeQO, for low-tem-
perature oxidation should contain palladium as an
active component and the low-temperature process on
platinum is impossible. Second, the reduction of cata-
lysts with hydrazine leveled the behaviors of palladium
and platinum and coarse metal, bimetallic, or oxide
particles, which do not exhibit low-temperature activ-
ity, were formed in this case on the support surface.
Third, the simple incipient wetness impregnation of
the support with the solutions of complex precursor
compounds made it possible to obtain very active cat-
alysts containing Pd or Pd—Pt as active components. A
characteristic property of systems Pd/CeO,-1 and
PdPt,/CeO,-1, which possess good catalytic charac-
teristics, is an extremely high degree of metal disper-
sion with the formation of the ionic states Pd** and
Pt>*. The coarse metal and oxide particles of palla-
dium and platinum were not formed in these catalysts.
Low-temperature activity depends on only the inter-
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action of palladium and platinum with the surface of
CeO, with the formation of a new phase state of cata-
lyst components—Pd,CeO, _; or Pd,Pt,CeO, _; sur-
face solid solutions. The resulting interaction phases
possess two new properties: (1) the oxygen constituent
of these phases exhibits much higher activity in the
catalytic reaction of CO oxidation than the oxygen of
the CeO, support or oxide particles of palladium and

platinum; (2) Pdg and Ptg small metal clusters, where
n > 2, are stabilized as the constituents of these surface
phases. The former property is responsible for the
occurrence of oxidation by the stepwise Mars—van
Krevelen mechanism because of the activity of lattice
oxygen [53]. The latter property facilitates the activa-
tion of adsorbed carbon monoxide with the formation
of a weakly bound state, and the presence of small
metal clusters decreases the enthalpy of CO adsorp-
tion to initiate the reaction at a low temperature.

The formation of both an ionic state of platinum as
a constituent of the surface interaction phase and plat-
inum metal clusters occurs only under the action of a
palladium precursor supported in the synthesis of
samples in accordance of procedure I. If platinum pre-
cursors are used without the addition of palladium
precursors, platinum as a catalyst constituent cannot
form surface phases of this type. Note that the forma-
tion of the platinum and CeO, interaction phases as
Pt,CeO, _ , was detected previously by Bera and coau-
thors [10—12] with the use of the solution—combus-
tion method. However, the resulting catalysts were not
so active at a low temperature as PdPt,/CeO,-1. Thus,
the above data indicate that palladium interacts with
the surface of cerium oxide much stronger than plati-
num. In the absence of palladium, platinum does not
form surface interaction phases; only individual
phases of metal and oxide particles, which cannot oxi-
dize CO at a low temperature, are formed. The Pd—Pt
alloy particles also cannot be active sites for the forma-
tion of adsorbed states of CO and oxygen, which par-
ticipate in low-temperature oxidation.

Thus, in this work, we used complex salts to obtain
Pd—Pt—Ce oxide catalysts for the low-temperature
oxidation of CO. In the catalysts prepared with the use
of only platinum precursors, metal and oxide (PtO,
PtO,) nanoparticles, which do not possess low-tem-
perature activity, are formed on the surface of CeO,. In
the mixed palladium—platinum catalyst, under the
action of palladium, platinum becomes strongly dis-
persed to result in the formation of a Pd,Pt,CeO, _;
combined surface phase, which is responsible for the
low-temperature oxidation of CO.
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